In this work we carry out an analysis of the Rastall model, being its thermodynamics consistency the core of this paper. We consider the dynamics of the model that results in a flat FLRW universe. This gravity scheme shows that its contribution to the energy density can be written in terms of the deceleration parameter if we consider a holographic description, then this allows to give an estimation for the Rastall parameter at present time. By adopting a specific Ansatz for the ξλ term it is possible to determine that the behavior of the Hubble parameter in the Rastall gravity has an aspect which is similar to the ΛCDM model at late times, but at thermodynamics level differs from the standard cosmology since the adiabatic behavior for the entropy depends on the value of the parameter state, ω. However, the entropy has a positive growth and simultaneously its convexity condition can be guaranteed. When other contributions are considered such as matter production and chemical potential, the adiabatic expansion can not be achieved, but the theory keeps its thermodynamics consistency. The chemical potential seems to have an interesting role since at effective level we could have a cosmological constant or phantom expansion in the model. 
I. INTRODUCTION
In Ref. [1] Rastall proposed a modification to the theory of gravity which was compatible with astronomical observations, such theory has the property that the value of the cosmological constant has a decreasing behavior in time in order to be compatible with Dicke's measurement of solar oblateness. This key characteristic for the cosmological constant behavior was also obtained by Rastall himself in his work [2] , where the assumption of a non conservation condition for the energy-momentum tensor led to a theory that contains a varying parameter, commonly named Rastall parameter. Such parameter can play the role of a cosmological constant when it takes a specific value and for a vanishing Rastall parameter the Einstein theory is recovered. In general, the Rastall parameter is elected by assuming an Ansatz philosophy.
Nowadays it is well accepted that the inclusion of modifications or extensions to the Einstein gravity theory are necessary to describe some phenomenological aspects of the universe that have been revealed by current observations, being the most challenging the dark energy problem [3, 4] . Although the ΛCDM model seems to be sufficient to describe the current state of the universe, it has some inconsistencies such as the value of the cosmological constant [5] or it is not sufficient to * E-mail: miguelcruz02@uv.mx † E-mail: samuel.lepe@pucv.cl ‡ E-mail: moralenavarretegerardo@gmail.com explain the abundance of certain elements in nature.
It should be noted that within the scenario of standard cosmology, some elementary aspects of an expanding universe, such as its thermodynamics, are not yet fully understood when the final fate of the universe relies on a future singularity [6] [7] [8] , however when the standard theoretical framework is extended, a better panorama can be obtained [9] . On the other hand, in Ref. [10] can be found that the Rastall gravity is equivalent to Einstein theory, therefore Visser concludes that the Rastall model does not provide any new scenario in the gravity description, however in Ref. [11] was shown that Rastall model is a extended theory of gravity that could be helpful to solve some problems in observational cosmology and quantum gravity. So, adopting the latter point of view it is valid to question the consistency or physical viability of this model. At cosmological level was found with the use of observational data in Refs. [12] [13] [14] , that the Rastall model provides an interesting scenario in the formation of large structures, but also was stated that in the Rastall cosmology the vacuum energy agglomerates, therefore the Rastall and ΛCDM cosmologies can be distinguishable only at the non linear regime of the evolution of cosmic perturbations, this depends on the matter used to describe the universe, for other types of matter the model presents instabilities.
In this work we focus on the thermodynamics compatibility of the Rastall model. As we will see, the model is consistent since the second law can be guaranteed together with the convexity condition for the entropy, but also we can observe that differs from the standard de-scription of a cosmological fluid since the adiabatic expansion for the universe is obtained for a single value of the parameter state, ω. Besides, when matter production and chemical potential are included, the adiabatic expansion can not be recovered, however the model keeps consistent at thermodynamics level. It is worthy to mention that the value of chemical potential has influence on the value of the parameter state, at least at effective level, according to some conditions the effective parameter state could describe a cosmological constant type evolution or a phantom fluid, this opens a new cosmological scenario for the Rastall model. In Ref. [15] some thermodynamics aspects of the Rastall model at cosmological level were discussed. Also, in Ref. [16] by the introduction of some different kinds of corrections to the entropy, the validity of the first and second law of thermodynamics was tested.
Globally speaking and as we will see in this work, the thermodynamics description could also be a helpful tool to construct an adequate Rastall parameter since in the literature can not be found a strong physical criterion for its construction/election. This work is organized as follows: In Sect. II, we write some general aspects of Rastall gravity and the dynamics of the model it is shown for a FLRW geometry. By considering a holographic approach, we estimate some values for the Rastall parameter, λ, at present time. We also show that a value for the Rastall parameter can be found by constructing a density parameter for the new contribution of the Rastall model in the energy density, ρ or by focussing on the matter sector, as we will see, the set of values obtained for the Rastall parameter are consistent. In Sect. III we give an expression for the normalized Hubble parameter by integrating the continuity equation of the Rastall model, we perform a comparison with the ΛCDM model, we also discuss that in general to obtain explicit values for the cosmological quantities we depend on the election of the ξλ term. We comment some conditions that the ξλ term must satisfy if the phantom behavior is desired. In Sect. IV we discuss the conditions that must by satisfied by the Rastall gravity in order to obey the second law of thermodynamics and by the inspecting the conditions on the entropy dS/dt > 0 and d 2 S/dt 2 < 0, we show that the consistency at thermodynamics level can be guaranteed. In Sect. V we provide the production/annihilation rate of matter in the Rastall gravity given in terms of the deceleration parameter, we also show that once the matter production effects are introduced in the model, the entropy is not longer a constant value. In Sect. VI we extend the thermodynamics discussion of the model by introducing the chemical potential. In Sect. VII we write the conclusions and some perspectives of our work.
II. DYNAMICS OF RASTALL GRAVITY
In Ref. [2] Rastall questioned the energy-momentum tensor conservation in a curved spacetime and he found that the following divergence condition
leads consistently to the Einstein equations when λ → 0, where λ it is usually known as Rastall parameter and R is the Ricci scalar. As he also stated in his work, the Rastall and Einstein gravity coincide in an empty spacetime, but in presence of matter, a different behavior between both theories it is exhibited. Therefore, assuming the condition given in (1), the Rastall equation of motion takes the form
being ξ an appropriate constant. It is important to point out that there is not an action formulation from which the previous equation of motion could be obtained, however the Rastall model has been widely studied from a phenomenological point of view [10] . Notice that condition (1) is recovered by means of the Bianchi indentity satisfied by the Einstein tensor. By taking the trace of the previous equation one gets
which leads to the following expression
where we have defined
then the previous expression must be conserved, i.e., its divergence must be zero. Also the condition, λ = 1/(4ξ), must be taken into account. On the other hand, if we consider the Eq. (2) and take its trace, it is worthy to mention that in an empty space we have (4ξλ − 1)R = 0, therefore a twofold condition can be obtained for the equation of motion: (a) if λ = 1/(4ξ) we have that 
and the acceleration equation
where the dot it means derivative with respect to the cosmic time and ρ, p are the energy density and pressure of the fluid, respectively. In this case the quantities ρ R and p R are the new contribution to the energy density and pressure of the fluid provided by the Rastall theory. For this case it is obtained that p R = −ρ R , i.e., the Rastall theory contributes negatively to the pressure of the fluid, then we have a dynamical cosmological constant, as commented above. Note that in Eq. (7) we have considered a barotropic equation of state for the matter sector, p = ωρ, and explicitly we have ρ R = 6λ(Ḣ +2H 2 ). Additionally, the continuity equation has the form
if we insert the Eq. (7) in the previous equation one gets
then, based on the fact that the energy density is in general a function of the redshift parameter, z, (or the scale factor by means of the relation, 1 + z = a 0 a −1 ), the factor of the density ρ within the square brackets of the above equation, can be also expressed as a function of the redshift through the Rastall parameter if we consider λ = λ(z), yielding
Another way to see the that the Rastall parameter is in general a function of the redshift is the following, we can insert the Eq. (7) in the given definition of ρ R and the resulting expression can be substituted in the modified Friedmann equation (6) , yielding [16] 
We will return to the previous expression later, by the moment we will focus on the Ansatz given by
where α is a constant. It is worthy to mention that with this choice for the ξλ term was possible to obtain singular and non singular cosmological solutions in Rastall theory [15] . If we choose α = 1/H 0 , being H 0 the Hubble constant, we can write the Eq. (10) as follows
with E(z) := H(z)/H 0 , which is the normalized Hubble parameter. As we will see below, this form of the ∆ function allows us to find an explicit solution for the normalized Hubble parameter.
A. HOLOGRAPHIC APPROACH
If we consider the definition of the deceleration parameter, 1 + q = −Ḣ/H 2 , we can write
note that previous equation resembles the conventional formula of a holographic dark energy model when the Hubble scale is considered and the factor commonly named as c 2 term, it is not a constant value [17, 18] , in general we can have ρ = 3c 2 (z)H 2 (z), this differs from the Li model in which such factor is simply a constant value given by 3c 2 [19] . In our case, from Eq. (14) we can establish that c 2 (z) = 2λ(z)(1 − q(z)). In order to provide an adequate description of the current status of the universe, the c 2 term it is expected to be a slowly varying function in the interval 0 < c 2 (z) < 1, which according to the value taken by this function, the holographic model could provide a cosmological constant cosmic expansion or an eternal expansion evolution. In general grounds, the c 2 term depends on the characteristic length assumed by the holographic model. Using the interval in which lies the c 2 term, we can constraint the value of the Rastall parameter in terms of q(z)
According to a dynamical dark energy model, at present time (z = 0, this condition will be denoted by the 0 subscript in the cosmological quantities) the deceleration parameter was estimated using the supernova and WMAP CMB data, obtaining q 0 = −0.63 ± 0.12 [20] , therefore from the holographic point of view, at present time the Rastall parameter must be located in the intervals
Following the standard definition of the cosmological density parameters, we have
From the previous equation and the expression given in (14), we can obtain at present time
If we assume the value 0.76 for the Rastall density parameter (18) at present time and the value given previously for the deceleration parameter, we can establish that λ 0 0.2331. It is worthy to mention that the value obtained for λ 0 under the holographic assumption, it is quite similar to the one obtained if we consider that the corresponding Rastall density parameter (Ω R,0 ) takes values that characterize a cosmological constant dark energy model. According to the ΛCDM model, the Eq. (10) can be written as follows
If we evaluate ∆(z) at present time we can observe that its sign depends only on the value of the ξ parameter (if we consider the values of λ 0 obtained before). For ∆(z) = 1 the conservation equation (9) it is fulfilled.
• matter sector: Finally, taking into account the Eq. (7) together with the definition of the deceleration parameter in the Eq. (11a), we have
repeating the procedure done in the previous case, we can obtain the following condition if we consider the Eq.
1
On the other hand, if we consider the Eqs. (6) and (7), we can write the energy density as expected under a holographic description, i.e., ρ(z) = 3c 2 (z)H 2 (z), where c 2 (z) now has the form
By evaluating at present time the energy density, we obtain the standard definition of the cosmological density parameter, ρ 0 = 3c
. For ω = 0, i.e., the matter sector behaves as dark matter and considering again the value given previously for the deceleration parameter together with Ω m,0 = 0.26, we obtain λ 0 0.24.
To conclude this section we would like to emphasize what has been done previously, as first step the density ρ R was written in the form of the conventional formula of the holographic approach, ρ R (z) = 3c 2 (z)H 2 (z), then from this expression some intervals of validity were obtained for the Rastall parameter λ. Secondly, we have constructed the density parameter Ω R associated to the density ρ R and using it in the holographic form of the density, we found again a value for the Rastall parameter but now assuming that Ω R corresponds to dark energy. Finally, by focusing on the matter sector and the conventional holographic formula, we found again a value for the Rastall parameter at present time but considering that the matter sector behaves as dark matter, in all cases we found that these values are very close each other, then from the holographic point of view the model seems to be consistent. Some acceptable values of certain cosmogical parameters constrained with the use of observational data were used, such as the deceleration parameter [20] and the density parameters associated to the dark energy and matter sectors [21] .
III. HUBBLE PARAMETER
By integrating the Eq. (9) we can write
where ρ 0 and ∆ 0 are constant values. Additionally, using the Eqs. (6), (7) and the definition of the density ρ R , we obtain
This last expression can be rewritten as follows
where for convenience we have chosen ξ = 3H 
where W (z) is the Lambert function. In the Fig. (1) we show the behavior of the normalized Hubble parameter when we consider ω = 0 and we perform a comparison with the ΛCDM model (blue line), as shown in the plot at present time E(z) = 1 in both cases, as expected. Some comments are in order for the Rastall model: towards the future the value of the normalized Hubble parameter drecreases faster than in the ΛCDM model and reaches a specific value (not zero), this behavior it is inherited from the Lambert function, which has a stationary point, i.e., the model will have a positive Hubble parameter in the interval −0.4 z < ∞, we must remember that also in the ΛCDM model the Hubble parameter has a bounded value in the far future, E(z → −1) → √ Ω Λ . On the other hand, the main difference between the Rastall theory and the ΛCDM model is given at the past, the growth of the Hubble parameter in the latter case it is unbounded and given by E(z → ∞) → (1 + z) 3/2 Ω m,0 , as it is well known the Lambert function it is unbounded for z → ∞, therefore at the past the Hubble parameter of the Rastall model exhibits an asymptotic behavior.
A. ADMITTING PHANTOM BEHAVIOR
If we assume that at some given value of the redshift namely,z, a big rip singularity could take place, we must consider that −1 <z < 0. For this specific value of the redshift we must have for the Hubble Parameter, H(z →z) → ∞, it is worthy to mention that this is not the unique criterion to determine if the singularity corresponds to a genuine big rip, in Ref. [22] we can find a general classification of the future singularities according to the behavior of some cosmological quantities such as the scale factor, the density and the pressure of the fluid. As observed in Eq. (26), the aforementioned condition for the Hubble parameter can be achieved if ∆(z →z) → 0. If we consider the function ∆(z) as given in Eq. (10) we get, ∆(z) = 0 if ξλ(z) = 1/3(1 + ω). We must note that the phantom behavior in order to be admitted depends on the election of the ξλ(z) term. From the definition of the redshift, the continuity equation given in (9) can be expressed as follows
the phantom regime is characterized by ω < −1, therefore
according to [22] for a big rip singularity we must have ρ(z →z) → ∞, this implies that (dρ(z)/dz) z→z → −∞, then from the continuity equation (29) we can have a benchmark to construct the ∆(z) funtion by the appropriate election of the ξλ(z) term if we want to allow a phantom behavior, i.e., the Rastall parameter plays an important role in order to have a big rip cosmology in the model.
IV. SECOND LAW AND TEMPERATURE
The continuity equation (9) can be written also aṡ
and according to the second law of thermodynamics [23] , we can write
where T is the temperature of the system, S the entropy, ρV is the internal energy and V is the Hubble volumen given by 
If we consider the ∆ function given in Eq. (10), the previous expression takes the form
It is worthy to mention that in the Rastall model if we consider T = 0, the adiabatic expansion is obtained only with the value ω = 1/3. This result differs from the standard cosmology where the expansion it is adiabatic for a single fluid. In order to evaluate the temperature we can write the Eq. (30) in a convenient form as followṡ
where we have defined ω ef f :
According to [24] , the evolution equation for the temperature is given byṪ
where ρ and p are related through the parameter state ω ef f . Solving the previous expression for the temperature we obtain
where T 0 is a constant value, as can be observed from the result for the temperature, for an explicit result we must choose an adequate ξλ(z) term to construct the ∆(z) function, then from the thermodynamics perspective we can have an additional criterion to build the ξλ(z)
term such that could provide a positive temperature. If we consider the value ω = 1/3 in the Eq. (10) we have ∆(z) = 1, therefore from the previous result we have for the temperature, T (z) = T 0 (1 + z), which has a positive value. In general, the universe cools down as evolves towards the future, as can be seen from Eq. (36).
On the other hand, to be in agreement with the second law of thermodynamics we must have dS/dt > 0 which in terms of the redshift can be written as dS/dz < 0. If we consider the Eqs. (10), (28) and (33) with T = 0, we can write
(37) In order to visualize the behavior of the previous expression we will consider ξλ(z) → 1 together with −1 ≤ z < 0, in this case we will have that if ρ(z) > 0 and ω > 1/3 then dS/dz < 0, as we approach to the general relativity case, ξλ(z) → 0, the term within the braces in Eq. (37) tends to −1, therefore the sign of the first derivative of the entropy will depend again on the election of the parameter state and the density of the fluid as follows, for ω < 1/3 the density must be positive. As in the previous results, for a definite answer about the behavior of the equation (37), we strongly depend on the election of the ξλ(z) term. For thermodynamical consistency, any cosmological model must obey simultaneously two conditions for the entropy: dS/dt > 0 and the convexity condition given by d 2 S/dt 2 < 0 [25] , for the latter condition we can write in terms of the redshift
it is important to point out that the r.h.s. of the previous inequality it is a positive quantity since dS/dz < 0 (second law of thermodynamics). Using the expression (10) and the Hubble parameter written in Eq. (26), one gets
By considering again the case ξλ(z) → 1 and −1 ≤ z < 0, we can observe that the factor of ρ(z) at the r.h.s. of the previous expression is negative, therefore for ω > 1/3 and ρ(z) > 0 we will have d 2 S/dz 2 > 0, note that for this election of values we have dS/dz < 0, then the model it is consistent from the thermodynamics point of view. On the other hand, as we approach to the Einstein gravity, ξλ(z) → 0, the factor of ρ(z) in the Eq. (39) is always positive, therefore for ω < 1/3 the positivity it is guaranteed with ρ(z) > 0, these values also lead to the condition dS/dz < 0 in the Einstein gravity limit discussed previously.
As commented before, once we choose an appropriate ξλ(z) term, we could evaluate these conditions explicitly, however in general grounds we can see that the Rastall gravity it is consistent from the thermodynamics perspective. In Ref. [16] was found that the thermodynamics consistency at the apparent horizon using the Rastall model can also be guaranteed if some corrections to the entropy are included, however cases like logarithmic or power law corrections lead to instability of thermodynamics equilibrium.
V. CREATION OF PARTICLES
The matter production in spacetime has been studied from different points of view, however several models can present some inconsistencies at quantum level if one desires to apply some aspects of the quantum field theory [26] . A possible way to solve these issues is given by complementing the Einstein's equations with the particle production effects. Following this line of reasoning, in Ref. [27] was found within the context of thermodynamics of open systems that the production of matter can lead to a growing behavior for the entropy, nonetheless the price to pay is to deal with an irreversible process. In this scheme the production of particles can be understood only by re-interpreting the resulting energy-momentum tensor, where a extra term emerges playing the role of a negative pressure. In the literature can be found that the production/annihilation of particles at cosmological level is due to the presence of dissipative effects [28] , such effects lead to deviations from the local equilibrium pressure [29] [30] [31] [32] . Adopting a thermodynamic perspective as given in [27, 33] , from the Gibbs relation we have
where n is the particle number density, n = N/V , being N the number of particles in the observable universe, since we can have production/annihilation of particles at some rate, Γ, we have non-conservation of particle number, thereforeṅ
where Γ acts as a source or sink of particles if Γ > 0 or Γ < 0, respectively. As we will see below, Γ contributes to the entropy production. By taking the time derivative of Eq. (40) we have
where the expressions (9), (10) and (41) were used together with the barotropic equation of state. It is worthy to mention that if we consider the special case ω = 1/3, we obtain ∆ = 1, in the previous section these values led to adiabatic expansion, however once we introduce the production/annihilation of particles, the adiabatic expansion is not longer available since Γ = 0 for consistency, i.e., dS/dt ∝ Γρ. Therefore in this regime we do not share the idea discussed in Ref. [15] , where the adiabatic expansion was claimed in order to explore the matter production in Rastall gravity. From the previous result, we can observe that the production/annihilation rate of particles must obey the following condition
in order to be in agreement with the second law of thermodynamics, dS/dt > 0. If we take the definition of the ∆ function given in Eq. (10), the previous condition for Γ is simply given as follows
taking into account the Ansatz (12) with α = 1/H 0 and the definition of the deceleration parameter, we can write From the previous expression we can determine the production/annihilation rate of particles at present time, for this purpose we will use the values obtained previously for the Rastall parameter within the holographic scheme, λ ±,0 , given in Eqs. (16) and (17) .
In Fig. (2) we show the quotient, Γ 0 /H 0 , given as a function of the parameters (ξ, λ ±,0 ). As can be seen from the plots, depending on the values of (ξ, λ ±,0 ), the production or annihilation of particles at present time can be possible, we restrict ourselves to the interval 0 < ξ < 1, it is worthy to mention that in the limit ξ → 1 and λ → 0, we recover the general relativity case. Then, always that the value of the quotient (45) be less than the values bounded by the regions shown in both panels of Fig. (2) , the model will be in agreement with the second law of thermodynamics.
VI. CHEMICAL POTENTIAL
In this section we will explore the effects of introducing chemical potential in the Rastall model. In the context of standard cosmology, several works have revealed that the sign of the chemical potential has incidence on the value of the parameter state for dark energy, i.e., for a positive chemical potential the parameter state takes values greater than −1 and for a negative chemical potential the phantom regime is allowed, however in this regime some inconsistencies appear leading to negative temperature and positive entropy or vice versa, see for instance the Refs. [6] [7] [8] . Nonetheless, in Ref. [9] was found that if a dissipative cosmology is considered in the context of irreversible thermodynamics, the problem of negative entropy or negative temperature can be solved since the dissipative effects allow the construction of a negative chemical potential.
The chemical potential, µ, it is introduced in the Gibbs relation (40) as follows
following a similar procedure as in the previous section we can write
(47) As observed in the previous equation, now the production rate of particles and the chemical potential contribute to the entropy production. In order to discuss the adiabatic case for the entropy we define
therefore the continuity equation,ρ + 3H(1 + ω ef f )ρ = 0, could assure this condition for the entropy, i.e, S = constant. For the specific case ω = 0 one gets
therefore for a positive chemical potential some cases can be obtained for this effective parameter state:
At effective level we could have a phantom regime or a cosmological constant evolution and this uniquely depends on the values of Γ and the chemical potential. However, if we write the explicit form of Eq. (47) we have
as discussed previously, when no other effects such as matter production are considered, the adiabatic case for the entropy is obtained with the value ω = 1/3 which leads to ∆ = 1. By considering the aforementioned values for ω and ∆ in the previous equation, one gets
therefore S is not a constant since Γ, µ = 0. However this case is in agreement with the second law of thermodynamics, dS/dt > 0, always that
, with µ < 0.
In general, the inclusion of the chemical potential does not lead to contradictions at thermodynamics level in the Rastall model.
VII. FINAL REMARKS
In this work, we focused on general aspects of the Rastall gravity and some of its implications at thermodynamics level. As it is well known, if we perform a comparison with the Einstein gravity, it results that the Rastall model can be seen as the standard vacuum Einstein model or as Eintein gravity plus a varying cosmological constant, which it is well known as Rastall parameter, then from this latter point of view, this theory is beyond the standard cosmological model.
As discussed in our analysis, in order to obtain specific results we must construct an appropriate ξλ term, being λ the Rastall parameter and in general this parameter can be a function of the cosmological time or the redshift. An estimation for the λ parameter at present time was obtained by means of the holographic approach for the energy density coming from the Rastall model contribution, of course, the values obtained for this parameter depend on the conditions imposed by the holographic approach, being the most important the range of values allowed for the c 2 term that appears in the conventional holographic formula. The c 2 term it is constrained to the interval (0, 1) to describe an expanding universe at late times. An interesting feature of this procedure is that the Rastall parameter can be written in terms of the deceleration parameter, q, which has been estimated with the use of observational data in several dark energy models.
In general, there is not a definitive physical criterion to construct the ξλ term, however adopting an Ansatz given in Eq. (12) for this term, it is possible to obtain an expression for the Hubble parameter by integrating the continuity equation of this model, for this specific Ansatz we found that the Hubble parameter tends to a bounded value as the universe evolves towards the future, this characteristic is also obtained in the ΛCDM model, however the Rastall model reaches this value faster. By inspecting the continuity equation we found that if we desire to allow the phantom regime, we can have a criterion to construct the ξλ term.
On the other hand, if we keep the Ansatz philosophy we can find that unlike what happens in standard cosmology for a single fluid description, the condition of adiabatic expansion in the Rastall model depends on the fluid describing the content of the universe, i.e, only the value ω = 1/3 leads to adiabatic expansion. In general grounds, the corresponding temperature will keep positive along the evolution. Likewise, for other possible values of the parameter state, ω, the model is consistent at the thermodynamics level, that is, the second law is fulfilled simultaneously with the condition of convexity for entropy. Therefore, from the results discussed in our work, adopting a thermodynamic perspective could give us a strong criterion to construct the ξλ term which could keep the model well defined for this approach.
Besides, once the effects of non conservation of matter are considered, the adiabatic case is no longer available since the production rate of particles contributes to the entropy production, however this does not imply that some thermodynamics inconsistencies may arise in the model. In order to know what kind of behavior we would be observing today, using the value of the Rastall parameter obtained with the holographic description, we can see that we could have creation or annihilation of matter and this entirely depends on the value of the parameter ξ. Finally, it is interesting that the inclusion of chemical potential in our description allows us to have at least at effective level, a cosmological constant or even phantom behavior for the fluid with the advantage of keeping the thermodynamics consistency, we will explore this elsewhere.
